The influence of a highly pronounced non-equilibrium characteristic of the electron energy distribution function in a stratified dc glow discharge on the process of dust particle charging in a complex plasma is taken into account for the first time. The calculated particle charge spatial distribution is essentially non-homogeneous and it can explain the vortex motion of particles at the periphery of a dusty cloud obtained in experiments.
(Some figures in this article are in colour only in the electronic version) Dusty (complex) plasma is an ionized gas of electrons, ions and negatively (or positively) charged micrometre-sized particles. Dusty plasma is widespread in space (e.g. planet rings, interstellar molecular clouds, cometary tales), different industrial installations and thermonuclear reactors [1] . In the last decade, dusty plasma has attracted much attention of researchers as an open non-linear dissipative system, in which ordered structures can be formed. The laboratory complex plasma presents a very convenient model for the study of different problems of statistical physics, kinetic processes in the systems of strongly interacting particles, phase transitions and wave processes in a non-ideal plasma.
In laboratory conditions, the dusty plasma is actively investigated in dc glow discharges [1] [2] [3] [4] and RF discharges [5] [6] [7] . At different discharge parameters, different plasma structures such as 'plasma crystals', vertical chain-like structures (in the central part of a discharge tube) or 'dusty plasma liquid', have been observed. At the periphery of a dusty cloud in striations of a glow discharge, there are regions with a convective movement of particles (vortexes). In addition to the inter-particle interaction, the distribution of plasma parameters (and most of all, the electron energy distribution function (EEDF) and electric field) exerts a paramount influence on the formation of such complex structures.
It should be stressed that the positive column (PC) of a glow discharge even without dusty particles is an open non-linear dissipative system capable of self-organization, formation of moving or standing striations. A great number of theoretical and experimental studies are devoted to striations in a glow discharge (see recent review [8] ). However, the development of an adequate theory of a stratified low-pressure glow discharge in a cylindrical tube (even without dusty particles) is far from complete. Such a theory should consider a non-equilibrium plasma in the whole discharge gap from the anode to the cathode. It is necessary to take into account the feedback provided by an electric circuit. The theory should be spatially two-dimensional and take into account the formation of a self-consistent electric field. This paper is devoted to the determination of a charge, Q d = −e 0 Z d , of a probe particle placed at some point of the non-equilibrium plasma of a stratified dc glow discharge (in neon) in a vertical cylindrical discharge tube. A number of papers are devoted to the estimation of the dust particle charge in a complex plasma [1-4, 9, 10] . Practically in all the papers it was assumed that electrons in plasma have an equilibrium (Maxwellian) energy distribution function, which is an obvious idealization. Electrons gain energy from an electric field and lose it in elastic and inelastic collisions with atoms. The highenergy tail of the EEDF is noticeably depleted, and the EEDF becomes to a great extent non-Maxwellian. Moreover, in a stratified low-density glow discharge, the EEDF becomes nonmonotonic. At the same time, in the process of charging, a dust particle acquires a great negative charge and repulses low-energy electrons. Only electrons with energy higher than the potential of a dust particle (i.e. from the tail of the EEDF) can reach its surface. Obviously, it is necessary to develop a more adequate model of a dust particle charging with nonMaxwellian EEDF in the discharge tube.
In order to obtain 2D spatial distributions of EEDF and electric field in the stratified PC of a glow discharge we first started with a previously developed 1D self-consistent model [11, 12] for plasma parameters at the discharge tube axis. The model is based on a simultaneous solution of the non-local Boltzmann equation for EEDF, the non-stationary drift-diffusion equation for ion density and the Poisson equation for a self-consistent axial electric field.
In figure 1 , the dependence of the isotropic part of the EEDF f 0 (r = 0, z, u) on u and z coordinates (u is the electron kinetic energy, z is the axial coordinate) is presented for the typical parameters of a stratified glow discharge in neon: pressure p = 1 Torr and mean electric field E 0 = 4 V cm −1 . The solution region is presented for some part of the PC: the cathode side z c = 0 cm, the anode side L = 15 cm. It is seen that with the increase in z, the hump in the EEDF periodically moves to the region with higher electron kinetic energy. Electrons with energy of about the threshold of the first electronic state of neon (U 1 ≈ 16.62 eV) excite the gas, lose their energy and the hump appears in the region of low kinetic energy. This process is periodically repeated in u and z coordinates.
In figure 2 , the spatial distribution of the axial component of the electric field E z (z) in the PC is presented. The axial distribution of electric field is seen to have a nonsinusoidal form with highly pronounced peaks. These peaks are asymmetric and have a greater gradient on the anode-side branch. For the presented regime, the potential fall on one strata length L s = 4.45 cm is equal to e 0 E 0 L s ≈ 17.8 eV and slightly exceeds the first electronic state of neon.
Later, the described 1D model was extended to the case of the 2D stratified discharge in a cylindrical tube.
To obtain the radial distribution of the electric field we consider the ambipolar diffusion approximation. The PC is assumed to be electro-neutral (n = n i = n e ), and radial charge distribution has the form
where α 1 = 2.405 is the first root of the Bessel function,
A is a normalized constant and R is the radius of the discharge tube. The electric potential radial distribution has the form
where T e is the electron temperature in electron volts. For radial dependence of the EEDF it is assumed that the EEDF depends only on the total electron energy:
It reflects the fact that low-energy electrons are trapped near the tube axis and cannot reach the discharge tube wall [13] . The 2D distributions of electron macroscopic parameters can be obtained by the integration of the EEDF over the energies. The electron density n e (r, z) distribution (see figure 3(a) ) is defined as
On the basis of the results obtained for 2D distributions of plasma parameters, in order to calculate the charge of a probe particle we apply the well-known orbital motion limited (OML) theory [1, 10] . To elicit the influence of the nonequilibrium EEDF on the particle charging in a striated glow discharge, in this paper we will not consider the problems connected with the limitations of OML theory; they will be discussed in the conclusion of the paper. The process of stationary charging is considered. It is assumed that the presence of the probe particle with a radius of a ∼ 1-10 µm influences the plasma potential in the vicinity of the particle at distances of several Debye lengths, λ D . The usability condition of OML theory is where λ i(e) are the ion (electron) mean free paths. Under the presented conditions (neon pressure p ∼ 1 Torr, electron temperature T e ∼ 5 eV, electron density n e ∼ 10 8 cm −3 ) inequality (4) has the form (a ∼ 10
The potential of the probe particle surface, φ s , is relatively negative to the non-disturbed plasma. We introduce the positive value W s (r, z) = −e 0 ϕ s (r, z). The charge number of the dust particle is equal to Z d = |φ s |a/e 0 = 0.695
and depends on the particle potential and radius. Cross sections for electrons and single charged ions captured by the dust particle are [1] 
where m i is the ion mass and V is the ion velocity. The electron and ion fluxes to the surface of the particle placed in (r, z)-points are equal to
where m e is the electron mass. The ion distribution function f i (r, z, V ) can be approximated by the shifted Maxwellian distribution:
where T i is the ion temperature (≈0.03 eV), V i (r, z) = µ i E 2 z + E 2 r is the drift velocity of ions in electric field and µ i is the mobility of Ne + . The ion flux can be easily obtained [1] :
In striations and at the periphery of the discharge tube, where axial and radial electric field components are large, it is necessary to take into account the drift velocity of ions. The potential of a dust particle W s (r, z) is obtained from the condition of electron and ion fluxes equality, I e (r, z) = I i (r, z). In figure 3(b) , the calculated spatial 2D distribution of the potential W s (r, z) of a probe particle is presented. The radial distribution of the potential is seen to have a minimum value at the centre of the tube and a maximum value at some radius depending on the z coordinate. With the increase in r, the maxima are shifted towards the anode. It reflects the fact that the striations in the PC are curved to the anode side. It is also seen in figure 3(a) for the electron density.
In figure 4 (a), the radial distributions of W s (r) are shown for positions (1-5) corresponding to figure 2. It can be seen that the radial distributions of the particle charge are almost constant in the central part of the tube. It is in this region that the dusty crystal or chain-like structures exist. However, there are regions at the periphery where the charge of dust particles increases with the increase in the distance from the tube axis. In these regions the vortexes are observed in experiments [14] .
In figure 4 (b), axial distributions of the particle potential W s (z) are presented for different values of a radial coordinate: r = 0, r = 0.25R, r = 0.5R and r = 0.75R. The solid line represents the ratio of the particle potential to electron temperature, W s (z)/T e (z), at the discharge axis. This ratio varies between 1.5 and 3. For comparison, this ratio will be spatially constant and equal to 2 for Maxwellian distribution functions for both electrons and ions with the temperatures T e ∼ 5 eV and T i ∼ 0.03 eV [1] .
It should be mentioned that a dusty cloud is placed at the head of a striation, i.e. in the upper branch of the peak of the electric field distribution (the region between points 1 and 5 in figure 2) , where stable regimes of levitation of dusty particles are realized. The gravity force acting upon the grain is directed leftwards (towards smaller values of the z coordinate). The electrostatic force that counterbalances the gravity force points rightwards (towards larger values of z). When a grain is displaced leftwards, the electrostatic force increases because of an increase in the electric field. In addition, the calculated results (see figure 4(b) ) show that, at the left side of the stable levitation position, the grain should acquire a larger charge Z d , so the electrostatic force, which is directed rightwards and returns the grain to its initial position, is stronger. When the grain is displaced rightwards, the electrostatic force decreases because of a decrease in the grain charge and in the electric field. The resultant gravity and electric forces will return the grain to its initial position.
With the help of the results obtained, it is possible to determine the electrostatic forces acting on a dust particle placed at some point of striation in a discharge tube. The condition of particle levitation is determined by the equating gravity force F g = Mg ∼ ρa 3 g (ρ is the mass density of particle) and the axial component of the electrostatic force, (z) . It leads to the following dependence of size-separation of dust particles along the tube axis: a 2 ∼ |ϕ s (z)E z (z)|, see also [3, 4] . At the head of the striation, functions E z (z) and ϕ s (z) decrease with the increase in z. Thus, smaller particles will levitate closer to the anode. Secondly, the results obtained permit us to consider a qualitative picture of particle motion at the periphery of the discharge tube. With the particle displacement from the edge of a dusty cloud to the region of higher r, it acquires a greater charge (see, figure 4(a) ). Axial and radial components of electrostatic fields directed upwards of the tube (i.e. towards larger values of z) and to the centre of the tube will increase. As the particle moves upwards and to the tube axis, its charge decreases due to the decrease in axial and radial fields (see, figures 2 and 4(a) ). A downward directed component of the resulting force will appear. A radial component of the resulting force will first decrease and then, as the particle penetrates into the dusty cloud, it will change its direction due to repulsion from the dusty cloud. It should be noted that the consideration of particle movement must take into account the collective nature of the particles' interaction. The particle penetration into the cloud can result in the fact that some particles placed far from the penetrated one will be pushed out from the dusty cloud. This process could be considered using the molecular dynamic method. However, the scenario described above, connected with the non-homogeneous dust particles charge distribution, can explain the formation of vortexes at the periphery of the dusty cloud in a stratified dc glow discharge observed in experiments [14] [15] [16] [17] .
The influence of the non-homogeneous distribution of dust particle charges on the development of various self-excited motions in a complex plasma and the formation of vortexes has been considered in a number of papers [18] [19] [20] [21] [22] [23] . The most comprehensive consideration of these problems can be found in the papers by Vaulina, where it is shown that 'spatial variation of a dust charge can account for many phenomena observed in an inhomogeneous laboratory dusty plasma' [22, 23] . In this paper, we have only shown that spatial variation of a dust charge is strongly connected with an inhomogeneous electron energy distribution and spatial distribution of the electric field in a striated dc glow discharge.
In this paper, in order to calculate ion fluxes to the charged dust particle OML theory is used. It is assumed that the ion flux consists of ions coming from an ambient plasma. These ions have positive total energy and either hit the particle (in which case it is usually assumed that they are absorbed) or fly back out to r = ∞. However, ions can also suffer collisions with neutral atoms in which they lose kinetic energy. The total energy of an ion can become negative and it will be trapped in the potential well of a negatively charged grain. Such an ion will have a finite trajectory until it suffers another collision with a neutral atom and either falls to the grain or passes to ambient plasma. For creating trapped ions in noble gases, the most important collisions are charge exchange collisions of ions with neutral atoms [24] . In 1924, Langmuir already guessed that trapped ions play an important role in shielding charged grains [25] . Later this effect was pointed out by Bernstein and Rabinowitz [26] and Goree [27] . However, only recently the first calculations were provided with the help of the Monte Carlo method by Zobnin et al [28] and with the help of an analytical method by Lampe et al [29] . It should be stressed that trapped ions have no noticeable influence on the electron flux to the charged particle but the total ion flux will increase proportionally to the number density of ambient ions. The net effect of the trapped ions is that the process of grain charging will be faster and the charge of the dust particle will be smaller than according to conventional OML theory.
In summary, our study shows that non-homogeneous distributions of plasma parameters in the dc glow discharge greatly influence the distribution of charge Q d (r, z) of a probe particle placed at some point of the discharge tube. The obtained distribution of the dusty particle charge in a glow discharge is strongly non-homogenous in the radial direction. In the authors' opinion it is this fact that can lead to a vortex motion formation at the periphery of the dusty cloud. The role of trapped ions and the influence of spatially non-homogeneous particle charge distribution in a dusty plasma of a low-temperature glow discharge on other dusty particle characteristics such as charge fluctuations and dusty particle temperature [30, 31] , Coulomb coupling and screening parameters [32] [33] [34] will be considered in subsequent publications.
